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Abstract  
 
     In the present work, the oxidation of isovaleraldehyde, a typical pollutant of indoor air, is 
investigated by using two different plasma DBD reactors: cylindrical and planar reactor. 
The study of the influence of the specific energy shows that its increment is accompanied by 
an increase of the removal efficiency. In fact, when specific energy extends three times, the 
removal efficiency is increased from 5 to 40%. Moreover an increase of the specific energy 
induces a higher mineralization due to byproducts oxidation with reactive species production. 
The same behavior is observed with ozone production. 
A generic mathematical model is developed to represent the experimental results obtained. 
This model is based on several mass transfer steps occurring in series between bulk and 
plasma phases.  
The degradation reaction mechanism is supposed to occur on two steps. Firstly, 
isovaleraldehyde leads to the formation of a fictitious equivalent intermediate (EI).   
In a second step, EI is transformed into CO and CO2.  
This approach gives a good agreement between modeling and experiments with a satisfactory 
overall description of byproducts formation. This original approach allows for the simulation 
of plasma oxidation kinetics process without knowing the complete chemical pathway 
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1. Introduction  
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        VOCs are hazardous to health and environment; their emission causes serious 
environmental problems such as stratospheric ozone depletion, photochemical smog, 
greenhouse effect and so on [1]. Increasing awareness of these emissions has resulted in 
legislation requiring stringent enforcement of new regulations to improve the quality of the 
environment [2]. To remove those gaseous pollutants, many technologies have been 
developed but they are not very successful and do not satisfy the strict social demands of the 
present. [3] One of the methods which are developed for the control of VOCs is plasma 
processing. This latest process is a major area of research in both industry and academia [2, 
3]. 
 
The dielectric barrier discharge (DBD) reactors appear to be most interesting from an 
economic point of view. Moreover, recently, many research attempts showed the advantages 
of the DBD reactors for particularly effective control of hazardous gas emissions and treating 
gas streams with low VOC concentrations at low temperature [4]. The capability for 
simultaneous removal of coexisting pollutants has also been studied [5]. In fact, the plasma 
DBD has been widely studied in the area of hazardous and toxic gases control, VOC 
abatement such as dimethylamine [14], acetylene [6] and benzene [7], NOx removal from the 
flue gas [8]. On the other hand, the DBD plasma even if it seems promising has also some 
disadvantages [4] such as formations of toxic by-products like CO, NO, NO2 and O3.The 
desired total oxidation to CO2 and H2O is usually not achieved [9, 11, 13].  
Moreover, a literature review shows that kinetic modeling of plasma DBD reactors has been 
carried out extensively [10]. The models details kinetic step and a macroscopic diffusion-
equation are used to describe mass transfer between the micro-discharges and the bulk gas. 
The aim of our study is to improve understanding of the physical and chemical mechanisms 
involved during nonthermal plasma (NTP) degradation process of a typical VOC. In this 
work, isovaleraldehyde (isoval) is chosen as representative of odorous compounds. It is 
characterized by low toxicity but is capable to produce health and environmental problems 
[1]. Isovaleraldehyde produces an oral, dermal and respiratory irritation after exposure and a 
strong discomfort related with strong odor even at low concentrations [2]. 
 The focus is put on the study of kinetic removal of this pollutant and the effect of some 
operating parameters. Additionally, a mathematical model is proposed in order to represent 
the oxidation mechanism in the plasma reactor. 
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2. Experimental  
The experimental units include three major elements: the gas mixture generation system, the 
continuous reactors and the analysis system. 
2.1. Polluted flow generation 
 
Figure 1 shows a scheme of the used system. The air flow is obtained from the internal 
network of compressed air. The flow rate is regulated by a mass flow controller (EL-FLOW 
F-201AV, Hi-Tec Bronkhorst, Netherlands) reaching a maximum working value of 10 m3/h1. 
In order to adjust humidity to suitable values between 40-50%, air stream is passed through a 
countercurrent humidifier column by a centrifugal pump. The temperature and the relative 
humidity are measured by TESTO_445 sensor. 
Isovaleraldehyde (>99.7 %, Sigma–Aldrich, Switzerland) is injected to the inlet air through a 
syringe pump with manual refill and with volume of 5 mL. A heating system covering the 
injection zone sets the gas temperature and facilitates the VOC vaporization ahead of the 
static mixer. A venturi system is installed to improve the homogenization of the contaminated 
air previous being introduced into the reactor. 
 
 
Figure 1: Scheme of experimental set-up 
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2.2. Continuous ﬂow reactors 
 
The plasma DBD cylindrical reactor is composed principally of a glass tube (58 mm id and 
100 cm length) (Figure 2). To generate DBD plasma, the reactor is covered by a copper grid 
which constitutes the outside electrode. The inner electrode is made from a continuous helical 
aluminum winding. It is a 2 mm thickness helicoidally wire electrode shaped as a coil spring 
in close contact with the inner wall of the reactor (12 turns in 250 mm). The applied high 
voltage is about 30 kV/40 mA and is a sine waveform. Plasma DBD is obtained by submitting 
the electrodes to a sinusoidal high voltage ranging from 0 to 30 kV (peak to peak) at 50 Hz 
frequency. A 2.5 nF capacitance is positioned between the outer electrode and the ground 
connection in order to collect the charges transferred through the reactor (Manley's method). 
The applied voltage (Ua) and high capacitance voltage (Um) are measured by LeCroy high 
voltage probes and recorded by a digital oscilloscope (Lecroy Wave Surfer 24 Xs, 200 MHz) 
(Figure 2). 
  
Figure 2:  Scheme (a) and sectional drawing (b) of the cylindrical reactor  
 
 The planar reactor consists of a rectangular cross section (135x135 mm2) and is 1 m length. It 
is made by polymethyl methacrylate (PMMA) material. The length of the active zone is 0.8 
m. Its surface is equal to 0.19 m2 (Figure 3). Two plates, 4 mm thickness, are arranged 
parallel to the length of the reactor. The nonthermal plasma, of surface dielectric barrier type, 
is generated by a 2 mm thickness grid with wire electrodes shaped as a rectangle. The distance 
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between two wire electrodes was 20 mm. The outer electrode, connected to the ground, is 1 
mm thick and 80 cm length copper foil.  
 
 
Figure 3: Sectional drawing (a) and Schema (b) of planar reactor. 
 
The effective volumes are 1.5 and 3.75 L for cylindrical and planar reactor respectively. 
 
2.3. Apparatus and Analysis 
        
To analyse isovaleraldehyde, FISONS Gas chromatograph coupled with a flame ionization 
detector (GC-FID) is used as described in the previous study [13]. 
The inlet and outlet carbon dioxide concentrations are measured by an infrared detector (100 
Cosma Beryl ®, Cosma ®, Igny, France). CO concentrations can be measured by a CO_ZRE 
gas analyzer. Standard iodometric titration method was used to estimate the downstream 
ozone formation. Thus at the exit of the plasma reactor a constant flow rate of 200 L/h is 
bubbled on iodine solution.  
Two operating parameters are varied in order to study their influence on the reactor 
performance: specific energy and geometries of reactors. 
Isovaleraldehyde degradation by plasma DBD is evaluated at several specific energies using 
the two reactors (Table 1). 
 
Table 1: Parameters of plasma DBD reactor 
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3. Results and Discussion 
 
 Experimental parameters are defined as follows: 
 (Cinlet) and (Coutlet) represent inlet and outlet concentration of pollutant (mg/m3) 
respectively. Cinlet varies between 5 and 200 mg/m
3. 
 Removal efficiency (RE; %) = 100 (1-Coutlet/Cinlet)                                        (1) 
 Specific Energy SE (J/L) = (P(W) / Q(m3/s))/1000                                       (2) 
where P is the input power of plasma. The specific energy is varied by changing the applied 
voltage (Ua). 
 Energy efficiency ηE (g/kWh) = (Cinlet - Coutlet) (g/m3) x Q (m3/h))/P(W)        (3) 
 
The experiments which are repeated two times; show a good reproducibility with 5% standard 
deviation. This standard deviation is represents by vertical and horizontal bars in the 
experimental results in all figures. 
 
3.1. Removal of isovaleraldehyde 
 
The study of the specific energy effect shows that when this parameter increases the removal 
efficiency (RE) of isovaleraldehyde increases also (Figure 4). For example, with cylindrical 
reactor when specific energy extends three times the RE is increased from 5 to 40 %. The 
same behavior is observed with planar reactor.  
Parameter Value & domain 
Gas temperature Ambient (293 K) 
Gas pressure Atmospheric pressure (1atm) 
Relative humidity 45±5 % 
Geometries of reactors Planar & cylindrical 
Applied voltage 12 to 29 kV 
Input power (planar reactor) 13.8 to 44.3 W 
Input power (cylindrical reactor) 5.6 to 17.7 W 
Isovaleraldehyde feed 400 mg/h 
Residence time 1.5s 
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This is expected, as increasing electric voltage across the reactor leads to higher degree of 
ionization and higher reactive species production [6-8]. Therefore the pollutant has more 
probability to be attacked by electrons or radicals, resulting to an enhancing RE of 
isovaleraldehyde. The behavior is similar to what has been reported in the literature for some 
VOCs [4, 10, 13].  
 
In order to compare the performances of the two reactors with different geometries, 
isovaleraldehyde flow and residence time are kept constant. Thus the flow rate and the initial 
isovaleraldehyde concentration are respectively equal to 4 m3/h and 100 mg/m3 in the case of 
cylindrical reactor. There are equal, respectively, to 10 m3/h and 40 mg/m3 in planar reactor.  
However, in practice, energy efficiency is an important parameter. But, we note that 
regardless of the value of specific energy, the energy efficiency of cylindrical reactor is better 
than that of planar reactor (Figure 4). In fact, the planar reactor needs more energy to 
decompose the same amount of isovaleraldehyde. This is probably due to the fact that the 
mass transfer step is predominant in the planar reactor. In fact, reduction the cross section 
resulted in an increased ηE (4 to 10 g/kwh), suggesting better ionization of the air due to 
increased contact between air and plasma. This observation was supported by the work of Cal 
and Schluep [21], that studied two different gap distances between electrodes and observed 
that a smaller distance between electrodes requires less energy or applied voltage to obtain the 
same removal efficiency [13, 21]. 
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Figure 4: Variation of removal efficiency and energy efficiency vs the specific energy 
using two reactors (Empty symbols = energy efficiency). 
 
3.2. Selectivities of CO and CO2 
 
CO2 selectivity (CO selectivity can also be defined) may be a useful parameter to assess the 
performance of the plasma DBD reactor towards VOC removal. It allows estimating the 
mineralization rate i.e. the ultimate reaction step, of the process. 
The COx selectivity is expressed as follow (eq.4):  
                          
   
 
out in
x x 4
x
CO - CO
CO selectivity (%) = ×10
5×C × % REinlet
                           (4) 
 
where x = 1 for CO and x = 2 for CO2. [COx] (ppmv) is obtained after the removal of 
isovaleraldehyde. Cinlet is the inlet concentration of isovaleraldehyde. 
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Figure 5: Variation of COx selectivity vs specific energy using two reactors 
 (Empty symbol = selectivity of CO2 and full symbol = selectivity of CO).  
 
The increase of specific energy leads to an increase of the selectivities (Figure 5). This is due 
to more electrons and reactive species (such as •O and •OH) which are formed when specific 
energy increases and then more pollutants molecules is oxidized into CO2 and CO [13, 20]. In 
fact, with planar reactor, an increase of specific energy from 9 to 16 J/L improves CO and 
CO2 selectivity from 3 to 11 % and from 9 to 19 %, respectively. The proportion of CO2 : CO 
is about 2. Additionally, this proportion is similar at each value of SE. These results are in 
agreement with works on acetylene degradation with plasma [5, 6, 11], n-hexane [10], 
trimethylamine [13] and NOx [8]. 
Moreover, we can note that selectivity of COx using planar and cylindrical reactors is globally 
the same. Thus we conclude that changing geometries from cylindrical to planar reactor 
seems to be satisfied. 
 
3.3. Amount of Ozone 
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    Ozone is an inevitable by-product in nonthermal plasma discharge. Atomic oxygen is 
generated by molecular dissociation due to impact with high energy electrons (reaction 1).  
                          e- + O2→ e- + •O + •O                                                        (1) 
 
Atomic oxygen is a strong oxidizer, but its stability is very limited. Due to fast recombination 
processes, the lifetime is only a few microseconds at atmospheric pressure [4]. Atomic 
oxygen reacts with molecular oxygen in three-body collisions, forming ozone by the 
following reaction: 
                           •O + O2 +M → O3 +M                                                         (2) 
 where M can be either molecular oxygen or molecular nitrogen. 
The effect of the specific energy on the ozone formation is presented in figure 6. Whatever the 
reactor used, the ozone formation follows the same trend i.e. it increases with the SE.  
This can be explained by the fact that more electrons and reactive species (such as •O) are 
formed and then atomic oxygen reacts with molecular oxygen in three-body collisions, 
(reactions 1 & 2) leading to ozone production [4, 6, 19].  
 
Figure 6:Variation of ozone production vs Specific energy the two reactors (T=20 °C) 
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The difference between the ozone formed in reactors can be due to the energy efficiency. 
Indeed, having the same amount of active species in reactors, if the mass transfer of 
isovaleraldehyde to the active zone is limited (case of planar reactor), the exceed of atomic 
oxygen will recombine for forming ozone (reaction 2). Thus, this result may confirm our 
suggestion on the difference between energies efficiency in the two reactors. 
 
4. Modelling and kinetic results   
 
The main purpose of this work is to establish a predicting model which can be applied to the 
design of plasma DBD reactors.  
 
4.1. Mathematical model of the process 
 
The process may be divided into five elemental steps (Figure 7.a) occurring in series: 1)  
convection (VOCs and precursor species are carried by airﬂows), 2) external diffusion of 
reagent species through the boundary layer (BL) surrounding the plasma phase, 3) chemical 
reaction at plasma layer 4) counter-diffusion of product(s) to the bulk. 
 
 
Figure 7.a: Elemental mass transfer steps involved with plasma DBD reactor  
 
4.1.1. Modeling of mass transfer  
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We assumed that the radial convection phenomenon is negligible and that mass transfer 
between the bulk and plasma regions takes place only through diffusion [10, 11]. We use the 
correlation of Perry et al. [40] to express the molecular diffusivity (Dm) of each specie “i” in 
the air. The correlation is as follows:  
      
 
 
 
 
-3 1.75
0.5
, 2
1/3 1/3
1.43 10 1 1
( )m i
A i
A i
T
D
M M
P  
 
 
 
   
                                     (5)    
 
where P is the pressure of gas stream (Pa), T the absolute temperature (K). (∑υ)A and (∑υ) i 
are the molecular volumes of gases A and i, and MA and Mi are the molecular weights of A 
and i (g/mol). The index “A” represents the air stream and “i” is either specie. 
 
4.1.2. Modeling of kinetic reaction 
 
It will always be difficult to perform a complete analysis of all byproducts present at any 
given time during the degradation process. Thus we propose to develop a chemical pathway 
involving one or more equivalent intermediates. The modeling is done by introducing a 
fictitious equivalent intermediate (EI) formed by the plasma oxidation of isovaleraldehyde. In 
a first chemical step, isovaleraldehyde leads to EI formation. Then, at a second chemical step, 
EI is transformed into CO and CO2. This approach allows for the simulation of kinetics 
without knowing the complete chemical pathway [23]. Thus, for a single EI, the simpliﬁed 
chemical pathway would be:  
1 2
31
k k
2
kk
Isovaleraldehyde EI 5 CO
Isovaleraldehyde EI 5 CO
 
 
  
Simulation model is based on the hypothesis that the pollutant is degraded through the plasma 
layer. 
Since plasma DBD is generated in a gas mixture where nitrogen and oxygen are the main 
components, the model developed here includes a ﬁrst set of reactions based on the air 
discharge models available in the literature [10, 16, 17]. The model takes into account only 
one species: atomic oxygen. 
The electron concentration, averaged over several cycles, can be considered proportional to a 
power of the specific energy:     
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                                              Ce- = EZ
αE,1
The reaction between electrons and oxygen can be written as follows: 
                              r = - k . Ce- . [O2] = - k’ . EZ
αE,1  . [O2]                                            (7) 
It is generally accepted that the plasma effect can be modeled by the general expression 
(eq.8): 
          𝑅𝑃,𝑖(𝑡, 𝑥, 𝑧) = ∑ ϑi,j ∙ kj ∙ EZ
αE,j(t) ∙ ∏ Ci
γp,j(t, x, z)
nc
p=1
nr
j=1
                                    (8) 
where Rp is the removal rate in plasma phase, E is the specific energy of plasma, Ci is the 
concentration of each compound in the plasma layer and kj is the constant rate, t is time, z is 
the distance which is perpendicular of flow in plasma zone (ﬁlm thickness), x the distance in 
the direction of ﬂow, ϑi,j are stoichiometric coefficients of the removal reaction, αE,j, γp,j are 
orders of reaction, nc and nr are respectively number of compounds and reactions 
 
4.1.3. Mass balance in the reactor 
 
The mass balance in bulk phase (Eq. (9) and plasma phase (Eq. (10)) can be written as: 
             −𝑢𝑏 ∙
𝜕𝐶𝑏,𝑖(𝑡,𝑥)
𝜕𝑥
−
𝜕𝐶𝑏,𝑖(𝑡,𝑥)
𝜕𝑡
+ 𝐷𝐿
𝜕2𝐶𝑏,𝑖(𝑡,𝑥)
𝜕𝑥2
+ 𝑎𝑏 ∙ 𝑇𝐵𝑃 = 0                       (9)                                                
         −
𝜕𝐶𝑖(𝑡,𝑥,𝑧)
𝜕𝑡
− 𝑢(𝑧) ∙
𝜕𝐶𝑖(𝑡,𝑥,𝑧)
𝜕𝑥
+ 𝐷𝑖
𝜕2𝐶𝑖(𝑡,𝑥,𝑧)
𝜕𝑧2
− 𝑅𝑃,𝑖(𝑡, 𝑥, 𝑧) = 0            (10)                                            
Where Cb,i is the concentration of each compound in bulk phase, DL  is axial dispersion 
coefficient and Di is  molecular diffusion coefficient of each compound, ub is the velocity in 
bulk phase  and TBP is the mass flow rate from  bulk to plasma phase: 𝑇𝐵𝑃 = −𝐷𝑖
𝜕𝐶𝑖
𝜕𝑧
|
𝑧=𝑒
  
Moreover, u (z) is the velocity in plasma phase. It can be expressed as: 
                                        𝑢(𝑧) = 𝑢𝑏 ∙ (
𝑧
𝑒
)
2
                                        (11) 
Where e is the thickness of plasma streamer [24]. 
Figure 7.b shows the profile of velocity in plasma and bulk phase. Here we supposed that 
boundary layer and plasma zone haven the same thickness.  
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Figure 7.b: Profile of velocity in plasma and bulk phase of reactor 
 
 The boundary and initial conditions are as follows: 
𝐶𝑏,𝑖(𝑡, 𝑥 = −∞) = 𝐶0(𝑡) 
        𝐶𝑏,𝑖(𝑡, 𝑥 = +∞) = 0 
       𝐶𝑖(𝑡, 𝑥, 𝑒) = 𝐶𝑏,𝑖(𝑡, 𝑥) 
     At t=0, 𝐶𝑏,𝑖(0, 𝑥) = 0 
 
4.2. Model ﬁtting and results 
 
After having deﬁned the plasma model, the ﬁtting was performed on the total duration of all 
the experiments based on the experimental concentrations of isovaleraldehyde, ozone, CO and 
CO2 formed. Additionally, the resolution of the partial differential equation set is carried out 
by using orthogonal collocation. The Gear’s predictor-corrector multistep method is applied 
to the equation set. A Gauss-Newton method is implemented to determinate the values of 
some parameters, especially, kinetics constants (kj), by a least square fitting of the relative 
difference between simulated and experimental concentrations [23].  
After optimization, the values of constants k1, k2, k3 and k(O3) are summarized in Table 2. 
Table 2: Values of constants 
Kinetic constant k1 (m
3.mol-1. s-1) k2 (m
3.mol-1. s-1)  k3 (m
3.mol-1. s-1) k(O3) (s
-1) 
Values  1.21.10-02 1.31.10-02 5.60.10-04 2.70.10-04 
 
Figure 8 shows the evolution versus time of the transitory isovaleraldehyde outlet 
concentration and ﬁnal products resulting from plasma DBD reaction. Here, plasma is 
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switched ON after 20 min. After this period, Figure 8 shows that all the concentrations of 
byproducts are stables. Moreover, an increase of specific energy after 45 min is done in order 
to see the behavior of the process due to a modification in operating parameters.  
 
Figure 8: Computed concentration of the outlet of isovaleraldehyde and byproducts versus 
time ([Isovaleraldehyde ]0 = 0.03 mmol/m
3, Q=10 m3/h, T=25 °C) 
 
Numerical resolution of equations (7) and (8) will give outlet isovaleraldehyde concentration, 
selectivity of COx and amount of ozone at different operating parameters for each reactor and 
at each inlet concentration.  
The comparisons between experimental and predicted results are represented on figure 9.  
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Figure 9: Comparison of simulated results vs. experimental results at different specific energy and 
inlet concentration using two geometries of reactor. 
 
We note that the model agrees well with the experimental results. It gives a satisfactory 
overall description of isovaleraldehyde removal using two geometries of reactor. Moreover, 
predicted outlet concentrations compared with experimental results show a root mean square 
error less than 10%. These results are very convincing, particularly because no adjustable 
parameters have been used to simulate cylindrical and planar reactor.  
So, the description of the degradation kinetics of isovaleraldehyde by a model with a single EI 
can sufficiently properly reproduce the degradation process. 
On other hand, the model takes the effect of the specific energy, and it can predict the effect 
the air gap of the plate of planar reactor. This will allow us to establish a compromise between 
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the residence time and the limitation of mass transfer when using surfacic plasma discharge. 
Otherwise the prediction will give us an estimating of the industrial reactor design which can 
treat a real industrial flow (more than 1000 m3/h) and with obligation on the outlet 
concentration of pollutant. 
 
5. Conclusion 
 
The removal of isovaleraldehyde is investigated in two continuous reactors with plasma DBD.  
We have unambiguously shown that removal efficiency of isovaleraldehyde can be improved 
by increasing specific energy in the discharge area.  
The effect of the reactor’s geometry on (i) the conversion of isovaleraldehyde (ii) and 
byproducts formation are tested. Experimental results show that the performance of tested 
reactors is globally the same. 
A kinetic model taking into account mass transfer step is developed. To improve the model 
concerning mineralization and to describe well the removal of isovaleraldehyde, we included 
in the chemical pathway of degradation an equivalent background intermediate product (EI) 
which was formed directly from the initial compound. 
This model describes successfully the degradation of isovaleraldehyde by a plasma DBD 
discharge. 
Moreover, the effect of specific energy on selectivity of CO, CO2 and the amount of ozone 
formed was studied. By-products formation was well simulated by the model.  
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